Electrophoretic variants of seven loci (Pgi, Mpi, Pgm-i, Pgm-2, Aat-i, Np and Odh) have been screened, in all possible pairwise combinations, in laboratory crosses of Littorina saxatilis. Two loci, Pgi and Np, are shown to be linked with a maximum likelihood recombination frequency of 0.30. Recombination occurs in both males and females. No strong evidence for linkage between other pairs of loci, including miscellaneous comparisons involving seven additional loci (Aat-2, Idh-1, Idh-2, Lap-i, Ap-2, Apk and Hdh), was obtained. Variants at all 14 polymorphic loci segregate in a Mendelian manner.
Introduction
Snails of the intertidal genus Littorina have been the subject of many population genetic studies in the last decade (reviewed in Ward, 1990) . Most of these studies have utilized the electrophoretic analysis of soluble enzymes, and it is reassuring that, for many of these enzymes in Littorina saxatilis ( L. rudis), the phenotypic variation observed in allozyme banding patterns has been demonstrated (by laboratory breeding experiments) to have a simple genetic basis Ward eta!., 1986) . These earlier genetic studies have now been significantly extended, both by further work on L. saxatilis and, to a lesser extent, by studies on its closely related (Ward & Warwick, 1980; ) sibling species L. arcana. Mendelian inheritance of three additional polymorphisms has been confirmed (arginine phosphokinase, isocitrate dehydrogenase-1, and hexanol dehydrogenase), making 14 polymorphisms in total with a demonstrated genetic basis. In addition, seven loci have been examined in all possible pairwise comparisons for evidence of chromosomal linkage, and many other pairwise combinations of a further seven loci have also been examined. Two loci, Np (nucleoside phosphorylase) and Pgi (phosphoglucose isomerase), are linked. 
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Materials and methods
Methods for breeding snails of the L. saxatilis complex (L. saxatilis, L. arcana, L. neglecta and L. nigrolineata) are given by Warwick (1983) . Attempts to hybridize members of the L. saxatilis complex in the laboratory are described by Warwick eta!. (1990) .
Electrophoretic methods and locus and allele designations follow Ward & Warwick (1980) and Janson & Ward (1984) . The 14 loci scored in the breeding experiments are: phosphoglucose isomerase (Pgi, E.C. 5.3.1.9), mannose phosphate isomerase (Mpi, E.C. 5.3.1.8) , isocitrate dehydrogenases -1 and -2 (Idh-i, Idh-2, E.C. 1.1.1.42), aspartate aminotransferases -1 and -2 (Aat-i, Aat-2, E.C. 2.6.1.1), phosphoglucomutases -1 and -2 (Pgm-1, Pgm-2, E.C. 2.7.5.1), octanol dehydrogenase (Odh, E.C. 1.1.1.73), hexanol dehydrogenase (Hdh, E.C. 1.1.1.?), nucleoside phosphorylase (Np, E.C. 2.4.2.1), arginine phosphokinase (Apk, E.C. 2.7.3.3), leucine aminopeptidase-1 (Lap-i, E.C. 3.4.11.1/2) and aminopeptidase-2 (Ap-2, E.C. 3.4.11.?).
Results
The origins of the males and virgin females used in the crosses are given in Table 1 . While the majority of the crosses were between L. saxatilis males and females, two crosses, which generated electrophoretically screened progeny, used female arcana and male saxatilis (crosses 1211 and 1625: in both cases the double heterozygote was the saxatilis male). Five crosses used arcana animals as both parents. The latter crosses were generally used to analyse loci that show low-level variation in saxatilis populations.
Segregation of alleles at single loci Segregation of alleles at 11 of the loci (Pgi, Mpi, Idh-2, Aat-1, Aat-2, Pgm-i, Pgm-2, Odh, Lap-i, Ap-2 and Np) had earlier been shown to follow Mendelian expectations Ward eta!., 1986) . Table 2 provides segregation data for three loci studied for the first time (Idh-i, Hdh and Apk) and additional information for the previously little studied locus Np. No significant deviations from Mendelian expectations for any of these loci were seen, and although several of the seven Np crosses came close to significance at the 5 per cent level, the combined Np chi-square (17.02, with 11 d.f.) was not significant (P 0.11). Probability levels: *P= 0.05-0.01, ** 0.01-0.00 1, ***D <0.001.
Linkage analysis
As outlined in , two types of cross are suitable to examine linkage relationships between pairs of loci: one in which one parent is heterozygous for both loci and the other homozygous; and a second where one parent is heterozygous for both loci and the other differently heterozygous at one locus and homozygous at the other. In both cases, it is possible to ascribe offspring to one of two types of class, one of which will be the recombinant and the other the nonrecombinant.
Comparing numbers in each class gives a linkage chi-square with one degree of freedom. Seven loci (Mpi, Pgi, Pgm-I, Pgm-2, Aat-1, Np and Odh) have now been analysed in all possible pairwise combinations and data are available for seven further loci (Aat-2, Idh-1, Idh-2, Lap-I, Ap-2, Hdh and Apk) studied in miscellaneous combinations. A summary of crosses is provided in Table 3 .
Fifteen pairwise locus comparisons were studied only in single crosses. Two of these gave significant cliisquares indicative of loose linkage (Pgi/Lap-1, x24.77' P=0.030 and Aat-1/Odh, x2=3.86' P= 0.049) but these indications need to be confirmed using additional crosses.
Twenty-four comparisons were studied in multiple crosses. For each of these comparisons, linkage chisquare values were summed and probability levels estimated. Three of these comparisons proved interesting. It would clearly be advantageous to be able to combine sets of progeny from different crosses in a more satisfactory manner. One such method is to use maximum likelihood approaches to estimate the probability of recombination (0) for a range of recombination frequencies. The maximum likelihood estimate of 0 is the value at which the probability peaks. Values of 0 are then compared with the probability that the two loci are unlinked in the particular pedigree, and the logarithm (to base 10) of the ratio of the two probabilities is called the z or LOD (logarithm of the odds) score at that value of 0. Given several pedigrees, the z scores can be accumulated over pedigrees (for each of a range of 0 values) and the sum (Z) used to obtain the likelihood estimate. Thus a Z score of 1 corresponds to odds of 10:1 in favour of the hypothesis of linkage versus independence. However, because non-linkages are expected to be many times more common than linkages, it has been stressed that in humans (for example), a Z or LOD score of 3 corresponds not to 1000:1 odds in favour of linkage, but to 20:1 as nonlinkages are about 50 times more common than linkages. Thus in humans a Z score of at least 3 is required for simple detection of linkage (Morton, 1955; Lander, 1988) . Heterogeneity of linkage estimates among crosses can be tested using Morton's (1956) approach, which yields a statistic distributed approximately as a chi-square with the number of degrees of freedom equal to the number of independent pedigrees minus one.
This approach, as outlined by Cavalli-Sforza & Bodmer (1971) , has been used here further to examine linkage relationships in L. saxatilis (Tables 4 and 5 ). Values of 0 ranging from 0.1 to 0.5 in steps of 0.01 were examined. Of the seven loci examined in all pairwise comparisons, the only pair showing definite evidence of linkage is Pgi and Np. Here the Z score, for the maximum likelihood estimate of 0 of 0.3, was 5.3, signifying very high odds for linkage. There was no significant heterogeneity of z scores among the four crosses that contributed data, and thus these two loci are certainly linked, albeit rather loosely. In three of the four crosses, the male parent was doubly heterozygous (2448, 2553 and 3655) but in the fourth the female was heterozygous (2520). All these crosses produced recombinant progeny, thus recombination occurs in both sexes.
There is also weak evidence for Pgi being linked to Table 5 show a single suggestion of weak linkage, that which exists beweeii Fgi and Lap-i. Here the odds are 6.2:1 in favour of linkage but only a single set of progeny has been analysed, and unfortunately the Np and Lap-i comparison has not been studied.
Discussion
A total of 14 polymorphic loci was examined for allelic segregation, and in each case it is clear that the banding patterns seen on gels in population surveys of L. saxatius-do reflect genetic variation rather than environmentally induced artifacts. Among 14 loci, there are 91 possible pairwise combinations that can be examined for linkage, but so far only 47 have been analysed. However, seven loci have been examined in all possible pairwise combinations and of these only one pair, Np and Pgi, show unambiguous evidence of linkage. These two loci are loosely linked, with a recombination frequency of 0.30, and recombination occurs in both males and females. The haploid chromosome count of L. saxatilis is 17 (Janson, 1983) , and thus when dealing with these seven loci, it is not surprising that definite evidence of linkage was forthcoming for only a single pair.
Another linkage group may comprise Aat-i and Mpi. The existence of linkage here receives quite strong support from the chi-square analysis, but weaker support from the maximum likelihood 
